Abstract: Malaria is a major killer disease causing heavy loss in terms of life and medical expenditure. The genome of Plasmodium falciparum sequenced in 2002 but more than 60% of its meaning still remains unknown. We compared protein sequences from P. falciparum in the genomic sequences with P. vivax and P. knowlesi through standalone blast tool from NCBI. We found many proteins annotated in one species sharing high similarity with unannotated proteins in the other/s species. Based on the 'annotation transfer by homology' method we annotated 715 hypothetical proteins. By the latest information available as of 1st September our method annotated 343 protein sequences .Gene Ontology annotation with BLAST2GO revealed 128 proteins with Enzyme Codes among the 561 sequences mapped with GO terms. The kognitor results showed 542 proteins similar to proteins belonging to various KOG categories. More attention should be paid to these 'hypothetical' proteins as they can reveal unknown insights on the biology of organisms and have an impact in the field of drug discovery and medicine.
Introduction
Malaria is a life threatening disease causing nearly one million deaths and 250 million malaria cases every year. About 3.3 billion people, half of the world's population, are at risk of malaria. Malaria is caused by Plasmodium species and spread by Anopheles mosquitoes. Malaria affecting humans are caused by P. falciparum, P. vivax, P. malariae, and P. ovale. P. knowlesi causing malaria in monkey has also been reported to infect humans (WHO World Malaria Report, 2010) . The genomes of P. falciparum, P. vivax and P. knowlesi have been published (Gardner et al., 2002; Carlton et al., 2008; Pain et al., 2008) . The P. falciparum genome had more than 60% of its proteins annotated as 'hypothetical' (Gardner et al., 2002) . Besides experimental and bioinformatic studies allowing more genes and proteins being characterised (Aurrecoechea et al., 2009) , the Plasmodb contains 4528, 4746, 4167 hypothetical proteins for P. falciparum, P. vivax, P. knowlesi respectively (Mu et al., 2010) . The database was queried on April 1, 2012 from the Plasmodium genomics resource available at http://plasmodb.org/plasmo/.
Conserved hypothetical proteins are a challenging entity to the field of bioinformatics and many aspects of biology. They are derived from open reading frames that cannot be annotated by homology based and context based computational methods. The difficulty of protein annotation by homology is further complicated by the fact that many genes involved in biological function restricted to eukaryotic cells are missing in microbial genomes. These functionally uncharacterised proteins when having homologs either in one or several genomes are termed 'hypothetical' and 'conserved hypothetical', respectively. Usually, any genome has conserved hypothetical proteins. They range from 20% to 40% (Bork, 2000) , and could be more than 50% (Roberts, 2004) as stated before, in the case of P. falciparum. Proteins associated with specific characters like pathogenicity, virulence, adaptability to extreme conditions etc., can lie in the group of hypothetical proteins. Hypothetical proteins are also found to be members of protein families that are essential for survival in more than one organism. The hypothetical proteins may be organism specific and conserved hypothetical proteins may be lineage specific and they might be the causes for their unique feature. Therefore hypothetical proteins can be the candidate genes to provide clues for the characterisation of the specific features of an organism (Marinaki et al., 2004; Galperin and Koonin, 2004) . Recent experimental evidence indicates that some hypothetical proteins are implicated in antigenic variation (Cai et al., 2010) , or they encode for virulent factors, in the case of pathogens (Hernandez et al., 2009) , snake venom protein components (Liu et al., 2010) , immune reactive secretory proteins (Vellasamy et al., 2011) , and glycoside hydrolases (Fujita et al., 2011) or for proteins involved in ribosome biogenesis and assembly (Brehelin et al., 2010) .
The aim of our study is to reduce the number of hypothetical proteins in the genomes of P. falciparum, P. vivax and P. knowlesi performing an in silico protein function prediction by homology-based annotation transfer, i.e. transferring a function from one protein to another on the basis of their common evolutionary origin. This annotation method is possible since many proteins that were annotated in one Plasmodium species were not annotated in one or two of the other closely related species. By annotation transfer by homology we found that a high numbers of unannotated proteins are drug or vaccine targets, as for example ribosomal proteins, or involved in drug resistance, as membrane transport proteins. Moreover, we found proteins involved in the invasive stages of parasite of organisms and they can have an impact in the field of drug discovery and medicine. The need to annotate the hypothetical proteins must be taken into priority considering the destructive nature of malaria to the health and economy of people in various countries.
Materials and methods
The protein sequences of P. falciparum that were predicted from genome sequences were compared with the same from P. vivax and P. knowlesi using blastp (Altschul et al., 1997) .The e-value was set to 1e-10. The protein sequences annotated in one or two species but not in the other/s species are taken for analysis. The annotated function from one species was transferred to homologs in other unannotated species, if they are not annotated. Gene ontology annotation is done with BLAST2GO software, with e-value of 1.0e-10 for blastp and other parameters set for default (Conesa et al., 2005) . Only blast queries with 70% of percentage identity with subject are taken for further analysis. All the 'annotation transferred' proteins are compared with the database of Clusters of euKaryotic Orthologous Groups of proteins (KOGs) with kognitor, set with default parameters (Tatusov et al., 2003) . The top hit of the similarity search result by kognitor is taken into account for inference.
Results and discussion

Annotation transfer by homology
The sequences that are annotated only in P. falciparum, P. knowlesi and P. vivax are 92, 98 and 58 respectively. The number of proteins that are annotated only in pairs such as P. falciparum and P. knowlesi, P. falciparum and P. vivax, P. knowlesi and P. vivax are 108, 39 and 74 respectively. Therefore, annotation transfer by homology can be done for 715 proteins (Figure 1 ). Two redundant sequences were removed for further analysis. The results obtained by this annotation method showed a considerable number of proteins that are proposed to be drug or vaccine targets from their previous experimental work (Table 1 ) and identifying them in related species could help in experimental work in laboratories that work on different Plasmodium sp. There 25 proteins involved in membrane transport and their role as drug targets and drug resistance is discussed elsewhere (Martin et al., 2009 ). There are 23 ribosomal proteins that are identified which also form the attractive category of drug targets (Bottger, 2007; Clough et al., 1997; Rogers et al., 1997; Camps et al., 2002; Kiatfuengfoo et al., 1989; Yassin and Mankin, 2007; Sidhu et al., 2007) . The SPATR protein (XP_001349632.1) 1 which contains an altered thrombospondin type I repeat domain is found expressed at several stages of the parasitic life cycle. The blocking of this protein inhibits the infection of the parasite and it has been proposed as a vaccine candidate (Chattopadhyay et al., 2003) . Heat shock proteins (XP_001351159.1) in Plasmodium have a role in invasion of the host and have attracted attention as drug targets (Shonhai, 2010) . Phosphopantothenoyl cysteine decarboxylase (XP_001349363.1) is an enzyme that has no homologs in humans and is one of the enzymes to be considered as a drug target (Plata et al., 2010) . The inhibition of the enzymatic activity of arginase (XP_001351939.1) showed reduced liver infectivity in vivo and therefore arginase could be a drug candidate for antimalarial therapy with the availability of its protein structure (Dowling et al., 2010) . Rhoptry associated proteins (XP_001352164.1) RAP-1 and RAP-2 are recommended as vaccine candidates for asexual blood-stage due to their low polymorphism in global population (Garzon-Ospina et al., 2010) . Early transcribed membrane proteins (XP_001352225.1) are proteins that bind specifically to red blood cells and are important for parasite survival: these proteins are recommended as target for an efficient immune prophylaxis (Garcia et al., 2009 ). Pfs230 (XP_001351361.1) mediates the binding of the parasite to human red blood cell, and therefore is considered a vaccine candidate that may block infection (Eksi et al., 2006) . Rhomboid proteins (XP_966171.1, XP_001351627.1, XP_001349246.1, and XP_001348283.1) are involved in the invasive stages of parasite, in the development in host and vector. For this reason they represent potential targets for malaria control (Srinivasan et al., 2009; Baker et al., 2006) . So many proteins that are originally annotated as 'hypotheticals' may represent good candidates for the synthesis of drug or vaccine that can block the infection of the pathogen. There are various other proteins identified that are expressed in different stages of the life cycle whose biological function needs to be established like pbs36 (XP_001351356.1), AP2 (XP_966101.1), CPW-WPC domain containing protein (XP_966282.1), D13 (XP_001349344.1) and high mobility group proteins (XP_001350301.1) ( Table 1) . Pbs36 is expressed specifically during the sexual development (Thompson et al., 2001 ). AP2 proteins are DNA binding proteins contributing to regulation of gene expression at various stages of parasite development (Painter et al., 2011) . Falciparum CPW-WPC domain containing protein is expressed in gametocytes and in asexual stages and presumed to be adhesins (Sutherland, 2009) . D13 is expressed in asexual blood stages of the parasite which is recognised by inhibitory antibodies (Baubenberger et al., 2003) . High mobility group proteins are non-histone architectural proteins that are found in the Plasmodium cytosol during trophozoite and schizont stages (Kumar et al., 2008) and are found to have a critical role during oocyst development (Gissot et al., 2008) . There are also many other proteins that provide insights into the parasitic life style of the organism (Table 1) . Tryptophan rich antigens (XP_001350959.1) play an important role in hostparasite interaction and also in reinvasion of the host erythrocytes (Bora et al., 2011) . LCCL domain proteins (XP_001351021.1) are reported to be involved in sporozoite development and infectivity. The family members of this protein are hypothesised to work in a concerted way towards a similar function (Saeed et al., 2010) . The erythrocyte membrane protein 3 (XP_001349533.1) is considered to play a role in the exit of mature merozoites from the cell and found associated with the membrane skeleton (Pei et al., 2007) . Plasmodium exported proteins (XP_001349535.1) are required for virulence and are essential for remodelling of the host cell facilitating parasite growth (Maier et al, 2008) . 41-kda protein (XP_001349581.1) could have a possible immunomodulatory and signalling functions and they are also found conserved in Plasmodium yoelii yoelii, Plasmodium chabaudi chabaudi, and Plasmodium berghei implies probable important function in the parasitic life cycle (Singh et al., 2009 ). Sec31 (XP_001349646.1) protein is a component of COPII coat protein complex that deforms the membrane with a role in export of proteins to the surface of malaria infected erythrocytes (Lee et al., 2008) . This protein also contains WD-40 domain. Proteins with MAC/perforin domains (XP_001351401.1) in Plasmodium and Toxoplasma are proved to be essential for breaching membranes during parasite egress and cell traversal (Kafsack and Carruthers, 2010) . Membrane skeletal protein IMC1 related (XP_001347324.1) have functional role affecting cell morphology, strength, motility and infectivity (Tremp and Dessens, 2011) . Metalloproteases (XP_001347377.1) are involved in the process of merozoite entry into the host red blood cell (Kitjaroentham et al., 2006) . Cysteine repeat modular proteins (XP_001348896.1) are protein found to occur within apicomplexan parasites with variety of roles in mediating host-parasite interactions throughout the life cycle (Thompson et al., 2001 ). The presence of many transporter proteins reaffirms the fact that many transport proteins and ion channels have missed out the original annotation (Martin et al., 2005) . The results show mostly the annotation by homology is inferred from P. vivax and P. knowlesi to P. falciparum. So this indicates when genomes of related species like P. vivax, P. knowlesi were published with improved annotation and it helps to improve the previously published genomes through this annotation transfer by homology method.
Gene ontology annotation
Gene Ontology annotation is an advantageous way of annotating because it is designed in such a way to allow identifying diverse genes that perform similar roles even when little or no primary sequence similarity is available (Tyler, 2009 ). BLAST2GO first performs BLAST searches and maps gene ontology terms with BLAST hits (Conesa et al., 2005) .
The gene ontology terms are mapped only to protein sequences whose database hits are annotated. The tool also checks for protein domains from InterPro database for sequences that have BLAST results.
Gene Ontology terms did not generate the annotation for 154 proteins as they got hits to 'hypothetical proteins or proteins of unknown function'. The numbers of proteins annotated by BLAST2GO are 561 and the numbers of sequences with EC are 128 ( Figure 2 , Table 2 ).
(a) Cellular component
There are 53 proteins belonging to protein complex, 49 proteins belonging to integral membrane, 44 proteins belonging to ribosome (Figure 2a) . Ribosomal proteins are the targets for antimicrobial drug in the field of drug discovery. The ribonucleic constituents are also considered as novel candidates for drug target of antimalarial drugs. Therefore, the new ribosomal proteins identified in this study can be potential candidates for malaria (Bottger, 2007; Clough et al., 1997; Rogers et al., 1997; Camps et al., 2002; Kiatfuengfoo et al., 1989; Yassin and Mankin, 2007; Sidhu et al., 2007) . The transporter proteins in Plasmodium are yet to be exploited as drug targets and needs to be more investigated by the scientific community (Jana and Paliwal, 2007) . The membrane transport proteins could be attractive candidates as drug targets because these proteins are involved in nutrient uptake, ion composition regulation, metabolite transport during different stages of infection as well as their role in antimalarial drug resistance. Various membrane transport proteins were reported to be present in the genome of P. falciparum after the original annotation (Martin et al., 2009) . So these proteins can be good candidates for further experimentation and development of new drug molecules.
(b) Molecular function
The molecular function category shows 20 structural constituent, 31 RNA binding protein, 15 transporter activity, 16 translation factor activity, nucleic acid binding, 19 transcription regulator activity, 52 zinc ion binding (Figure 2b ).There are 18 proteins with kinase activity and the hypothetical proteins predicted as kinases are reported to have a possible role in cell cycle regulation by a conserved coexpression study (Brehelin et al., 2010) .
(c) Biological process
The biological process category shows 210 proteins mapped to GO terms related to metabolism like cellular metabolic process, 202 proteins in primary metabolic process, 178 to macromolecule metabolic process, 109 to nitrogen compound metabolic process and 107 to biosynthetic process (Figure 2c ). There is a possibility that proteins involved in basal metabolism could be moonlighting proteins, i.e. having more than one function and the second function is often related to virulence in case of pathogens (Hernandez, et al., 2009 ). The identification of such hypothetical proteins which are species specific could be ideal for targets for antimicrobial compounds in drug discovery.
The numbers of proteins annotated by BLAST2GO are 561, and those with EC are 128. KEGG maps are available for 94 proteins: among these 23 enzymes mapped to 31 sequences belonging to the category of metabolic pathways ( Table 2 ). The mitochondrial proteins (XP_001350328.1, XP_002261272.1) are expressed during asexual stages and are candidates for antimalarial chemotherapy due to their structural differences from mammals (Bozdech et al., 2005) . Nicotinate-nucleotide adenylyl transferase (XP_001350021.1, XP_001615594.1) catalyses the conversion of nicotinic acid mononucleotide to nicotinic acid adenine dinucleotide. Though this plasmodial protein differs from humans in various aspects like structure and metabolism, the pharmaceutical potential of this enzyme is yet to be exploited (Plata et al, 2010) . Thiamine diphosphokinase (XP_001352114.1) is involved in thiamine synthesis pathway and is essential for the parasite (Spry et al., 2005) . This gene was not annotated in other related species like Plasmodium yoeliiyoelii str. 17XNL, Plasmodium chabaudichabaudi, Plasmodium berghei strain ANKA. Pantothenate kinase (XP_002260804.1, XP_001616754.1) is essential for the utilisation of pantothenic acid. The inhibition of this enzyme by analogous chemical compounds was found to decrease the proliferation of the P. falciparum (Rost et al., 2003) .
Gene ontology analysis under the category of cellular component revealed large number of proteins related to protein complex, integral to the membrane and ribosome. The category of molecular function revealed that large numbers of proteins are involved in protein binding. The category of biological process contained large numbers of proteins involved in metabolic process. They are indicated as cellular metabolic process, primary metabolic process, macromolecule metabolic process, nitrogen compound metabolic process, small molecule metabolic process and catabolic process. So this gives us an idea of what kinds of proteins are unannotated or poorly annotated by the gene prediction methods. (Tatusov et al., 2003) . The KOG protein domains are classified into 4 major functional categories containing various sub-categories (Table 3) . To facilitate the annotation of plasmodium hypothetical proteins, we compared these protein sequences with the KOG databases: 274 sequences belong to the KOG division of Cellular processing and signalling amounting, 183 proteins to Information storage and processing, 175 proteins to poorly characterised and 85 proteins to the Metabolism category (Table 3 ). The major number of proteins from Cellular processing and signalling belong to KOG categories like A-Post-translational modification, protein turnover, chaperones; B-Signal transduction mechanisms, C-Intracellular trafficking; Dcytoskeleton; E-Cell cycle control. The majority of the proteins from Information storage and processing belong to F-RNA processing and modification; G-Translation, ribosomal structure and biogenesis and H-transcription. Even from the poorly characterised section general prediction can be made for 118 proteins. Ten to twenty proteins belong to the KOG categories like cell division, chromosome signalling; I-Lipid transport and metabolism; L-Replication, recombination and repair; M-cell wall/membrane/envelope biogenesis; B-Chromatin structure and dynamics; C-Energy production and conversion; F-Nucleotide transport and metabolism and P-Inorganic ion transport and metabolism. There are many proteins related to translation which is as expected since proteins implicated in translation are ubiquitous (Galperin and Koonin, 2004) .
Latest updates
Our 715 annotations were checked again by comparing with the latest available annotations from Plasmodb. It showed 372 of the 715 protein sequences were annotated. So by the latest information available our method annotated 343 protein sequences. 244 of them belong to P. vivax, 61 of them belong to P. knowlesi and 38 of them belong to P. falciparum. Though the genome P. vivax was published in 2008 (Carlton et al., 2008) it still contains more unannotated sequences. So a methodology can be devised to implement 'annotation transfer by homology' by automatic means that could reduce the number of unannotated sequences in a genome.
Conclusions
Enhanced annotation methodology and the contribution of functional studies facilitate the annotation of entire genomes that are newly sequenced. The annotation of the proteins of these new genomes can be transferred to closely related genomes published before. In this paper we report how annotation transfer by homology between close species can be used to a better extent for annotation that allows disclosing functions of previously unannotated proteins. As of recent data checked on 1st September, a total of 343 out of 13,441 hypothetical proteins between these 3 species annotated. Based on the analysis of earlier data the analysis had revealed crucial aspects of the Plasmodium parasite biology. In this work we have not done anything novel but we show how things can be improved by using the existing method and also we suggest an automatic means to be devised for 'annotation transfer by homology' which could reduce the unannotated proteins in a genome. So the annotation of the large number of remaining hypothetical proteins could be of immensely helpful in tackling the disease. Though the annotation transfer by homology has its limitations like requirement of significant similarity (Rost et al., 2003) , new gene families were indeed discovered by this method (Mu et al., 2010) . The annotation of these large numbers of proteins can be accomplished only with large concerted effort (Roberts, 2004) . By this way the information available in a database can be updated in a periodical manner to incorporate latest published scientific data in an automated manner. This method could also assume some importance with the practice of 'community annotation' in the field of biology for enrichment and improvement of knowledge by the members of scientific community (Huss, 2010) . In spite of constant increase in the number of hypothetical proteins and the stress to focus on these unchartered areas (Pawlowski, 2008) to decipher their biological role, research for hypothetical proteins did not receive any proposals when funding (Akst, 2010) and suggestions for funding was available (Roberts, 2004) . Thus the annotations of these hypothetical proteins are ideal targets for discovering unknown mechanisms about various adaptations and ideal in terms of opportunity with respect to research and funding.
